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osting by EAbstract Fold interference patterns and superimposed relations are common in the Neoproterozo-
ic basement rocks of Egypt. They are the products of complex Precambrian orogenies formed by
collision and accretionary island arcs onto a pre-Pan-African continent to the west of the River
Nile. Fold interference patterns and superimposed folds affected the unmetamorphosed to slightly
metamorphosed volcaniclastic rocks in Wadi Kharit area during the Pan-African tectono-thermal
events (600–450 Ma). Superimposed folding in Wadi Kharit area resembles in many respects that of
recorded in Hafaﬁt Shear Zone. The difference is in the degree of deformation and grade of meta-
morphism. Fold interference patterns and superimposition in Wadi Kharit area are formed by a sin-
gle phase of deformation rather than a polyphase of deformation. Most of the fractures and
associated normal faults dissected Wadi Kharit area are of fold-related faulting, which are reacti-
vated post-dating igneous intrusions.
 2011 National Authority for Remote Sensing and Space Sciences.
Production and hosting by Elsevier B.V. All rights reserved.1. Introduction
Folding and refolding structures yield interference patterns
and superimposed folds. These structures are widespread in
the Neoproterozoic basement rocks of the Eastern Desert rep-
resenting a part of the Arabian–Nubian Shield evolved duringom
or Remote Sensing and Space
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tional Authority for Remote
lseviercollision and accretionary island arcs of two orogenies: Hafaﬁt
Orogeny of pre-Pan-African time (630–600 Ma, El Kazzaz,
2009) and Pan-African orogeny (600–450 Ma, in the sense of
Kennedy (1964)). El Kazzaz (2009) went back to the proper
deﬁnition of the Pan-African time span (600–450 Ma) ﬁrst
introduced by Kennedy (1964) and proposed Hafaﬁt Orogeny
of Pre-Pan-African time (>600 Ma). So, the proper deﬁnition
of the Pan-African time span (600–450 Ma) is used throughout
this study. Fold interference patterns and superimposed folds
affected the unmetamorphosed to slightly metamorphosed vol-
caniclastic rocks as well as the remnants of low land metasedi-
ments in Wadi Kharit area (Fig. 1) during the Precambrian
orogenies. The Eastern Desert of Egypt lies within fold and
thrust belt (El Gaby et al., 1984, 1988). Metasediments and
metavolcanics are the constituents covering the study area in-
truded by igneous intrusions (Ball, 1912; Hume, 1934; El Ram-
ly, 1972). The purpose of the present study is to construct a
detailed structural map to infer the geometry of interference
Figure 1 Geological map and simpliﬁed cross section of Wadi Kharit area.
Figure 2 Highly foliated low land metasediments, looking N.
114 Y.A. El Kazzazpatterns of folds and whether the multifolds of interference
patterns are related to polyphase of deformation or a single
phase of deformation. The employed methodologies are re-
mote-sensed images, ﬁeld observations and relations, struc-
tural measurements and structural analysis together with
some petrographic investigation. Geometrical analysis of fold-
ing and refolding has been made by using the stereonet com-
puter program (McEachran, 1990).
1.1. Rock units
Wadi Kharit area is covered mainly by folded and refolded se-
quence of volcaniclastic rocks and remnants of metasediments;
these rocks are intruded by igneous intrusions.
1.2. Metasedimentary rocks
Two types of metasediments are discriminated, although they
are intercalated; the majority and minority are psammitic
and pelitic schists. Locally, metasediments are intercalated
with intermediate metavolcaniclastic rocks. Metasediments
are highly foliated and eroded low lands (Fig. 2) located at
the base of the Precambrian rocks in Wadi Kharit area.
Metasediments in the area are similar to metasediments of high
grade Hafaﬁt Shear Zone. Their mineral compositions are
biotite, muscovite, quartz and feldspars arranged mainly in
NW–SE, and occasionally rotated to WSW–ENE-trending
foliation. Field observations and petrography display wrapped
foliation around the sigoidal crystals of staurolite indicating
syn-kinematics high grade regional metamorphism (Fig. 3).
Staurolite crystals are recognized easily in the ﬁeld; the length
of the sigmoidal shaped crystal is more than 3 cm.1.3. Intermediate metavolcanic rocks
Metavolcanics can be classiﬁed into two main rock units: inter-
mediate volcanics associated with their volcaniclastics and
intermediate metavolcanics to basic metavolcaniclastics.
1.4. Intermediate metavolcanic suit
Intermediate metavolcanic suit is a sequence of volcaniclastics
that crop out over the majority of the study area. Volcaniclas-
tic sequence ranges from distal to proximal sized rocks
Figure 3 Synkinematic sigmoidal shaped structures of staurolite
minerals.
Figure 5 Bedded volcaniclastics are overprinted by S1 cleavage,
looking NW.
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ash ﬂow to coarse-grained crystal-lithic tuffs associated with
andesit and basalt. The volcaniclastic sequence occurs within
a north-facing direction which has been arched into a large-
scale anti- and synformal structures. Bedding, graded-bedding
and convolute lamination are frequently observed throughout
the volcaniclastic sequence (Fig. 4). Locally, the tuffs are vesic-
ular. Rare cross-bedding and planar lamination occur in some
units. Flow-banded ash-tufs are interbedded with volcaniclas-
tic debris ﬂow deposits. The tuffs in the southern part of Wadi
Kharit area exhibit a prominent foliation of cleavage types
(Fig. 5) with only a few exceptions which are parallel to the pri-
mary compositional banding.
The foliation and compositional banding show a progres-
sively steep dipping towards the granite contact and changeFigure 4 Volcaniclastics showing primary structures, bedding
plane S0, looking SW.in strike closely following the outline of the granite margins.
Some of which show asymmetrical tails, pressure shadows
and mylonitic bands. Only within the contact zones to the
granites, where the dip increases to near vertical, is a weak
extension lineation visible in the tuffs.
Petrographically, most of the thin sections show sedimen-
tary textures, particularly in the coarser-grained fraction.
The matrix to the clasts is usually greater than 80%. The
mineral composition is normally feldspar, quartz, chlorite
and epidote. Microscopical investigations distinguished: (a)
porphyritic rhyodacite displays phenocrysts of quartz and pla-
gioclase in a ﬁne grained groundmass; (b) crystal tuffs contain
plagioclase and quartz crystal clasts in a very ﬁne grained
groundmass; (c) lithic tuffaceous greywacke is composed
mainly of quartz, plagioclase and lithic fragments in a ﬁne
grained sericitized matrix; (d) foliated tuffs range from
strongly to weakly foliated, being composed mainly of quartz,
biotite, muscovite and feldspar.
1.5. Basic to intermediate metavolcanics
Basic to intermediate metavolcanics and subvolcanics occasion-
ally occur in the study area and one of them occupies a box-
shape like box fold structures. There are massive basaltic lava
which are characterized by vesicles ﬁlled with epidote, carbon-
ate and quartz. The basaltic lava gradually changed to andesite.
1.6. Igneous intrusions
Igneous intrusions are classiﬁed into syn-to late-tectonic and
late- to post-tectonic intrusions. Syn- to late- tectonic
intrusions are medium to coarse grained variably deformed
granitoids. They range in composition from tonalites to granod-
iorites and consist of quartz, plagioclase, potash feldspar, horn-
blende and biotite. Locally, tonalities display gneissose texture.
They intruded the folded metasediments and metavolcanics.
1.7. Late- to post-tectonic intrusions
Late- to post-tectonic intrusions can be classiﬁed into gabbros
and monzogranites. Gabbros are of arcute spheroidal
Figure 6 Landsat TM Image showing the interference patterns
of folds.
Figure 7 Photo interpretation of the Landsat TM Image
showing the interference patterns of folds.
Figure 8 (a) Structural map and (b
116 Y.A. El Kazzazweathering, massive and rarely foliated along shear zones.
They locally show rhythmic layering, and intruded the metase-
diments, metavolcaniclastics and syn- to late-tectonic grani-
toids. Petrographically, they are medium to coarse grained
and made up of amphibole, pyroxene, plagioclase and some
amount of quartz.
1.8. Monzogranite
There are a few small outcrops of monzogranites intruded the
previously mentioned rock units. They are pale pink, medium
to coarse grained, undeformed, massive, extensively jointed,
gradually graded into alkali-feldspar granites and composed
of quartz, plagioclase, potash feldspar and rarely biotites.
2. Structures
Wadi Kharit area was not the subject of any detailed structural
analysis before this research.
Detailed ﬁeld-mapping depends on Landsat Satellite The-
matic Mapper (TM) Imagery (Fig. 6) and photo interpretation
of Landsat Satellite Imagery (Fig. 7) shows multiphase of fold-
ing related to the regional structure of fold interference pat-
terns and superimposed folds (Fig. 8). Fold interference
patterns have been recognized in high grade gneisses of Hafaﬁt
Shear Zone. These structural features are common in a series
of folding and refolding structures in the Egyptian Shield.
2.1. Interference patterns of folds
Many complex fold systems are the result of interference
between two or more fold sets. The type of outcrop pattern
depends on the geometry of the twofold sets and on their rela-
tionship to each other (Park, 1989). There are three character-
istic types of interference patterns: closed dome and basin
shapes, crescent and mushroom or stirrup shapes, and hooked
or double zigzag shapes (Ramsay, 1967; Ramsay and Huber,) domains for structural analysis.
Figure 10 Thrust faults affected banded ash tuffs, looking N.
Figure 11 Stretching elongated pebbles and stretching mineral
lineation, looking NW.
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the earlier folds and their axial traces are folded around the
later fold axes.
2.2. F1 of interference patterns of folds
NW–SE trending F1 folds are variable and attributed to sub-
sequent deformation by a major open NE–SW trending and
upright antiformal F2 folds. F1 is a large scale overturned fold
(Fig. 6–8) associated with minor recumbent folds (Fig. 9) and
thrust faults (Fig. 10). Large scale overturned folds have mod-
erate to steeply dipping NW–SE-axial surface traces and stee-
ply plunging towards NW and SE directions. F1 folds are
associated with a moderately to steeply dipping (S1) cleavage.
S1 varies from a non-penetrative deformation to a penetrative
schistosity. The intensely penetrative S1 foliation is irregular
with variable and opposite dipping due to the subsequent
refolding. S1 is occasionally distinguished as mylonitic band-
ing and parallel to S0 primary structures. Generally, S1 oblit-
erated the bedding structures in high strain zones. L1 is deﬁned
mainly by elongated pebbles and stretching mineral alignment
(Fig. 11), and by a bedding/foliation (S0/S1) intersection. Ax-
ial-plane cleavages (S1) are not common outside the F1 folds.
Inverted bedding, repetition of rock units and kink band are
easily recognizable in the large scale overturned folds. F1 fold
axial planes are refolded by F2 to open synformal structures
north Wadi Kharit, and folded by the same F2 to slightly close
syn- to antiformal structures south Wadi Kharit.
Fault bent folds, in terms of thrust related folds (Hedlund
et al., 1994) are associated with large scale overturned folds
generated by movement of thrust sheet over a ramp (Supper,
1983) and the accommodation structures formed in thrusts.
It is clear that F1 has a curvilinear fold hinge.
2.3. F2 interference patterns of folds
The earliest F1 deformation was affected by subsequent F2
deformation. F2 deformation is represented by a major NE–
SW F2 fold axial surface trace. S2 cleavage associated with
F2 folds is common with SW of the area (Domain iii,
Fig. 8b). In most cases, both bedding and S1 cleavage have
an NE–SW trend in the study area. These F2 folds are accom-Figure 9 Minor recumbent and inclined overturned folds,
looking N.panied by a strongly developed NE–SW- to E–W-trending S2
cleavage. S2 cleavage is a product of F2 folding. NE–SW cren-
ulation foliations are scattered in the cleaved tuffs. Both F1
and F2 folds are affected by F3 folding. S1 is commonly de-
formed by minor and major F2 folds. Lineation (L2) is not
common, and formed by the intersection of S1/S2 plunging to-
wards the NE and SW directions.
2.4. F3 of interference patterns of folds
Large-scale F3 folds are conspicuous in the north of Wadi
Kharit area. F3 is distinguished by N-S-trending, open anti-
formal and synformal structures. S3 is steeply-dipping. Crude
hinge-lines lineation of F3 are plunging towards the N. Pencil
lineation which is formed by the intersection of primary folia-
tion (S0) bedding plane, secondary foliation (S3 cleavage) and
by the intersection of S1/S2. Pencil lineation is widely spread in
the ash tuffs. Different types of L3 are moderate to steeply
plunging towards N.
118 Y.A. El KazzazThe major F3 structure is a north-facing synformal syncline
fold closing downward. Small-scale NNE–SSW trending mod-
erate to subvertical crenulation cleavages have rotated anti-
clockwise to accommodate with the N–S large scale F3 fold
axial plane. In most cases, crenulation foliations (S3) evolved
parallel to the axial-surfaces of minor and major open F3 folds
similar to the L2 crenulation lineation of F2.
2.5. Brittle deformation
NW–SE, N–S and NE–SW trending fractures and normal
faults dissected the hinge and curvature zones of folds. Some
of them do not penetrate the hinge zones, and others do. They
developed to accommodate the folding. These normal faults
are fold-related faulting. Normal faults reactivated and
dissected the igneous intrusions. NNE–SSW dextral and E–Figure 12 showing geometrical analysis by using equal area (Schmidt
(c) poles of S1 far from the hinge zone; (d) poles of S0 refolded by F2
ancient schistosity (pre S1); and (i) poles of S0.W sinistral strike slip faults dissected the Precambrian rocks
in Wadi Kharit.
2.6. Geometrical analysis
The study area is subdivided into ﬁve domains (I, II, III, IV, V;
Fig. 8b). The structural elements such as bedding, foliation
and lineation were analyzed and plotted on the equal area
stereonet (Fig. 12). In domain I of (Fig. 8b) the distribution
of the poles of S0 are concentrated in SW-trending and little
are concentrated in NE-trending (Fig. 12a). These indicate
F1 overturned folds. F1 fold axial planes of overturned folds
are refolded by F2 folds giving rise an open fold geometry
(Fig. 8b). Poles of S1 foliation are concentrated in two
maxima. The measurements of S1 (Fig. 12b) are far from the
hinge zones of overturned folds, so they show more or lessstereo net). (a) Poles of S0; (b) poles of S1 close to the hinge zone;
, (e) poles of S1; (f) poles of S0; (g) poles of S0; (h) distribution of
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ations is related to the reactivated normal faults rather than
the buckling of bedding planes. Plotting of S1 does not reﬂect
the true geometry of overturned folds because of the inﬂuence
of reactivated normal faults. Folded S0 and refolded F2 fold
axial planes are refolded by F3 folds (Fig. 12d). Poles of S1
are concentrated in the W-trending (Fig. 12e). Inﬂuence of
F3 is in the domain II (Fig. 8b). In the southwest of the study
area (domain III of ﬁg. 8b), poles of S0 are concentrated in
NW–SE trending indicating NE–SW F2 fold axial planes
(Fig. 12f). Poles of S0 show similar concentrations to the S2
(Fig. 12g), most probably the measurements are far from the
hinge zones of F2 in domain III of (Fig. 8b). Domain IV shows
three concentrations of S schistosity (Fig. 12h) (pre S1, which
is related to pre-Pan-African orogeny). Domain V displays two
maxima of poles of So (Fig. 12i) indicating an open fold geom-
etry of F2 type.2.7. Metamorphism
Two types of metamorphism are reported: (a) high grade
regional metamorphism affected metasediments during the
Hafaﬁt Orogeny of pre-Pan-African time (630–600); (b)
slightly and locally low grade – green schist facies metamor-
phism affected volcaniclastic rocks during the Pan-African tec-
tono-thermal events (600–450 Ma, in the sense of Kennedy
(1964)). Locally, hornfelsic zones of contact aureoles are recog-
nized in volcaniclastic rocks adjacent to the granitic intrusions.2.8. Discussion and conclusions
Wadi Kharit area is covered by two different rock units related
to two different orogenies. The ﬁrst rock unit is regionally
metamorphosed sedimentary rocks related to Hafaﬁt Orogeny
of pre-Pan-African time (>600 Ma, El Kazzaz, 2009). The sec-
ond rock unit is unmetamorphosed to slightly metamorphosed
volcaniclastic rocks related to Pan-African orogeny (600–
450 Ma). Interference patterns and superimposed folds are
common in a series of folding and refolding structures in the
Precambrian rocks of Egypt. Interference patterns of folds
are previously recorded in high grade gneisses (Fowler and
El-Kalioubi, 2002; Fowler and Hassan, 2008). Sheath folds
of interference patterns are not recorded in Wadi Kharit area
but recorded in high grade regional metamorphic terrains; in
Wadi Hafaﬁt area (Fowler and El-Kalioubi, 2002) and in
northern Oman Mountains (Searle and Alsop, 2007).
Previous workers (Abdel Khalek, 1979; Abdel Khalek and
Abdel Wahed, 1983; Abdel Wahed et al., 1984; Ramly et al.,
1984; Fowler and El-Kalioubi, 2002) in areas of high grade
metamorphism partitioned the interference patterns of folds
into single folds and related each to an individual phase of
deformation. NW–SE-trending fold axial planes are the old
and early phase of folding associated with thrust faults in
the Eastern Desert (Ries et al., 1983; Abdel Khalek et al.,
1992; Noweir et al., 1996). Folding along NE and NNE axial
planes is a later deformation (Abdel Wahed et al., 1990;
Abdel Khalek et al., 1992; Hamimi, 1996; Sehim et al.,
1998). Ramsay and Huber (1987) introduced three different
cases for the formation of the interference patterns and super-
imposed folds: (a) a superimposed folding arises when the
contraction of the basement cannot be accommodated byreactivation of the pre-existing structural forms; (b) superim-
posed folding arises when the principal stress directions
change during the history of development in an orogeny. This
sort of superimposed folding can be distinguished when the
deformation style and mineral stability of the rocks are
usually governed by the metamorphic conditions existing at
the time of the individual deformation phases, and the succes-
sive structural forms are usually characterized by particular
types of metamorphic fabric ﬁngerprint and particular min-
eral assemblages; (c) a superimposed folding occurs during a
single progressive deformation as a result of smooth and
systematic changes of stress and incremental strain during
deformation. It is well known that the folding and refolding
associated with the thrust faults occur in most cases within
the collision zones.
In the study area, superimposed folding, thrust faults,
recumbent and inclined overturned folds, inverted beds and
repetition of rock units are reported on major and minor scales.
The above mentioned criteria are the main characteristic
features for the nappe structures. A nappe is a large allochtho-
nous sheet formed by thrust faulting, recumbent folding or
both (Bates and Jackson, 1980). In other words, nappe is a large
scale thrust structure associated with overturned folds, inverted
beds and repetition of strata. It can be stated with reasonable
conﬁdence that the predominant volcaniclastic rocks in
the study area occur in the nappe structure. It is worth mention-
ing that superimposed folding affected the whole sequence of
unmetamorphosed to slightly metamorphosed volcaniclastic
rocks. Superimposed folding cannot be distinguished by
speciﬁc metamorphic conditions existing at the time of the
individual deformation phase. The successive structural forms
(F1, F2, F3) are not characterized by particular types of
metamorphic fabric ﬁngerprint and particular mineral assem-
blages. So, interference patterns and superimposed folds
are formed by a single progressive deformation as a result of
smooth and systematic changes of stress and incremental strain
during the emplacement of the nappe structure through the
accretionary island arcs during the Pan-African orogeny
(600–450 Ma).
It is concluded that Wadi Kharit area is covered by two
different rock types related to two different orogenies: volcani-
clastic sequence and igneous intrusions of Pan-African orog-
eny (600–450 Ma), and high grade metasediments of Hafaﬁt
Orogeny of pre-Pan-African time (>600 Ma). Interference
patterns and superimposed folds affected the unmetamor-
phosed to slightly metamorphosed volcaniclastic rocks in the
area during accretionary island arcs of Pan-African tectono-
thermal events (600–450 Ma). Folding and refolding of inter-
ference patterns and superimposed folds in Wadi Kharit area
are formed by a single phase of deformation rather than poly-
phase of deformation. The resulted interference patterns are
similar to the type two of Ramsay (1967) and Simon (2005).
The fractures and associated normal faults dissected the study
area are fold-related faulting, which are reactivated post-dat-
ing igneous intrusions.
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